Abstract
Introduction

38
Organismal phenotypes, i.e. traits measured in whole organisms usually have a quantitative distribution and their 39 genetic architecture can be studied by genome wide analysis (GWA) approaches. In the past years, these approaches
40
have revealed that such phenotypes have a polygenic architecture in the sense that many genes of moderate or small 41 effect contribute to the phenotype. The in depth analysis of the extensive data collected in the framework of the 42 studies on human height have shown that the general practice to use a genome wide statistical significance cut-off to 43 declare loci being involved in a phenotype leave most of the heritability of the trait unaccounted for (Wood et al., 44 2014; Yang et al., 2011 Yang et al., , 2010 . Hence, the attention has turned towards the loci falling below this cut-off. A study 45 focussing on these small effect loci has suggested that all, or at least almost all, genes can be expected to contribute 46 to the phenotype. This has led to the suggestion of an omnigenic model for quantitative traits (Boyle et al., 2017; Liu et al., 2019) . It assumes that there is a set of core genes forming pathways with special relevance for the phenotype, al., 2012) and included 198 lines (Supplementary file 1B). In order to correct for environmental factors, especially 132 cryptic differences in humidity (Casares et al., 1997; Sokal et al., 1960) , two wildtype stocks (S-317 and S-314) 133 representing two extremes of pupation height from the first strain set and showing a consistent trend, were 134 continually re-measured to act as controls throughout all experiments. The estimates of pupation height for the 135 strains were corrected based on the average pupation height of the two control stocks across all rounds of 136 experiments.
137
Figure 2 shows the profiles of corrected pupation height from the wildtype and DGRP sets of strains. We observe 1989; Welbergen and Sokolowski, 1994) , while the results from other studies showed that males pupated 155 significantly higher than females (Casares and Carracedo, 1987; Riedl et al., 2007) .
156
To address the sexual dimorphism question, a distinct dataset incorporating both pupation height and sex information 157 of more than 4,000 randomly selected (2,340 females and 1,935 males) individuals from 728 vials generated from the 158 4-way pedigree dataset reported by (Reeves and Tautz, 2017) was analysed. Since this earlier study had not recorded 159 the level of the food surface, the pupation height for each sexed pupae was calculated as the deviation from the 160 corresponding vial (on which the pupae locates) to average pupation height ( Figure 3A ) (Reeves and Tautz, 2017) .
161
As shown in Figure 3B , there was a significant difference in pupation height between males and females (Wilcoxon 162 rank sum test: P-value 1.5E-07), with male individuals pupating on average around 2 mm higher than females. This 163 result is roughly in line with the observed sexual dimorphism reported in two previous studies (Casares and 164 Carracedo, 1987; Riedl et al., 2007) . The difference in pupation site choice between the sexes may be due to their 165 distinct developmental timing, as females generally pupate later than males, and later larvae tend to pupate lower, 166 possibly due to a response to diminishing levels of humidity inside the vials (Casares and Carracedo, 1987) . 
173
were reciprocally crossed to test for significantly phenotypic differences with the parental stocks. The significance P-values were computed with
174
Wilcoxon rank sum test. 
7
A parental bias, by which the phenotype of an individual depends more upon the mother's or father's phenotype or 179 genotype, can be observed for some traits. This can be the result of inheritance of genetic material in the cytoplasm 180 (e.g., mitochondria, Wolbachia bacteria), sex chromosomes, or imprinted gene regions. Previous studies on this 181 aspect for pupation site selection provided two opposing views, with one suggesting the pupation site choice in
182
Drosophila fits a simple additive model of inheritance without any parental bias (Sokolowski and Bauer, 1989) , while the 183 others found a significant maternal effect on pupation site selection (Garcia-Flores et al., 1989; Singh and Pandey, 1993) .
184
To address this question, two pairs of DGRP inbred lines with each pair representing two extremes of pupation height were 185 randomly chosen, and were reciprocally crossed to test for parental biases. As shown in Figure 3C and 3D, the pupation 186 heights for offspring from both directions lie between their parental stocks, with no significant differences (Wilcoxon rank 187 sum test: P-values 0.11 and 0.17) on pupation height choice in reciprocal crosses. This finding supports the additive model 188 of inheritance on pupation site selection in Drosophila melanogaster (Sokolowski and Bauer, 1989) .
189
Wolbachia pipientis is a maternally transmitted endosymbiotic bacterium that infects around 53% of DGRP strains. It 190 was reported to have a significant effect on some behavioural traits, e.g., acute and chronic resistance to oxidative 191 stress (Huang et al., 2014) . Two different approaches were used to explore a possible effect of Wolbachia infection 192 on pupation height. First, the statistical analysis on the pupation height between all tested strains with infected and 
Heritability and chromosome effects
202
An estimate of the total genetic component of pupation height choice, i.e., broad sense heritability (H 2 ), was achieved by
203
determining the proportion of total variance in the mean strain height measurements compared to the average within each 204 strain (Schmidt et al., 2017) . The additive genetic impact, or narrow sense heritability (h 2 ), is reported here as "SNP 205 heritability" (Wray et al., 2013) , i.e., the estimate of the proportion of phenotypic variance explained by all available SNPs
206
(or genetic variants) in the DGRP stocks.
207
All estimates are shown in 
208
estimates from DGRP inbred stocks imply higher heritability than that from previous estimates within this species (Casares 209 and Carracedo, 1986; Garcia-Flores et al., 1989; Singh and Pandey, 1993) . Bauer and, 1985) .
210
226
Genome-wide association analysis
227
The GWA analysis was based on the genetic variants of DGRP freeze 2 (Huang et al., 2014) , variants with missing 228 values above 20% and minor allele frequency below 5% were excluded from the further analysis. The linear 229 regression model implemented in PLINK (Purcell et al., 2007) was used for the genome wide association analysis,
230
including the assessments of possible covariates.
231
A previous study had shown a possible role of larval size on their pupation site choice (Vandal et al., 2012) . Here we 232 use pupal case length as an indicator of larval size (Reeves and Tautz, 2017) . We find that there is indeed a weak, but . Based on these analyses, we conclude that the identified 239 significant genetic variants on pupation height are mostly independent from its association with pupal case length.
240
To investigate whether any cryptic population structure could contribute to the observed variation in pupation site 241 choice of inbred stocks, PLINK (Purcell et al., 2007 ) was used to identify major principal components (PC) of 
269
Candidate genes from the GWA analysis
270
When using genome-wide permutation based thresholds (P-value < 5E-08, see Methods), we find no significant 271 genetic variants associating with pupation height (Figure 4) . We decided therefore to use the more permissive 272 significance cut-off of P-value < 1E-05, which is a nominal threshold frequently used in Drosophila quantitative trait 273 genetic studies (Lee et al., 2017) . At this cut-off, we found 28 significant genetic variants (25 SNPs and 3 indels) to
274
be associated with pupation height in the DGRP strains, corresponding to 71 associating genes that locate within 5kb 275 up/down-stream (default setting in SnpEff (Cingolani et al., 2012) ) of these genetic variants (Table 2) .
276
To identify additional candidate genes associated with the variants, we examined the long range linkage additional genes identified in the above LD blocks, we identified in total 81 candidate genes associating with 285 pupation height variation in Drosophila melanogaster. None of these identified candidate genes overlap with the 286 previously reported pupation height association QTL at 56A01-C11 in (Riedl et al., 2007) . 
300
An overview on the measured pupation height differences compared to the respective progenitor stocks is provided 301 in Figure 5 . with the expression profiling of total annotated protein-coding genes as controls ( Figure 6A ).We also find that the 331 median expression levels of candidate genes compared to the randomly selected genes are significantly higher in the 332 CNS (Wilcoxon rank sum test, P-value=0.006), but not other tissues ( Figure 6B ). This observation is consistent with 333 the above prediction that the identified candidate genes for pupation site choice are enriched in the CNS of third 334 instar larvae, where they could have a direct influence on behaviour. (Figure 7 ). The probability that this network would have arisen 348 when the same number of genes are randomly sampled is very low (p < 2.2E-16).
349
Given this network, we asked whether functional tests with genes from the network would confirm their involvement 
Phenotypic effects of randomly chosen genes
368
The omnigenic model (Boyle et al., 2017) predicts that most, if not all genes may modify the core network of a given 369 quantitative trait, at least when they are expressed in the relevant developmental stage and organ(s). We have 370 therefore set out to use our phenotyping pipeline to test this prediction. We selected 20 genes from the panel of
371
Drosophila gene disruption stocks (Bellen et al., 2011) shows strongly significant effects (p < 0.01) and six additional ones marginally significant effects (0.01 < p < 0.05)
377
on the pupation height choice phenotype (Table 3) . phenotypic effects. However, the genes predicted from the network analysis (i.e., Egfr, E2f1, P53 and Ras85D),
392
while not picked from GWA significance, show on average stronger effects on pupation height than other genes
393
( Figure 8A , Wilcoxon rank sum test P-value: 2.5E-05). However, one could argue that these genes are general cell 394 regulators that might affect many phenotypes. Hence, we checked also their effects on pupal case length that we 395 measure with the same setup. We find that the effect sizes of these four genes on pupae case length are not 396 particularly pronounced ( Figure 8B ) and are indistinguishable from average effect sizes of the randomly selected 397 genes (Wilcoxon rank sum test P-value: 0.61). This supports the notion that the predicted network genes might 398 indeed constitute the "core" genes of pupation height choice in Drosophila melanogaster.
399
However, one has to keep in mind that these strains may 1) have different genetic backgrounds, 2) have disruption in 
Discussion
411
We have established a phenotyping pipeline for a behavioural trait in Drosophila that has allowed us to test
412
predictions of the omnigenic model for quantitative traits (Boyle et al., 2017; Liu et al., 2019) . Although it is debated 413 whether the term is more useful than the long established terms "polygenic" and "infinitesimal" (Wray et al., 2018) , 414 the analysis by (Boyle et al., 2017) has certainly sparked new interest in this almost century-old question. Moreover,
415
it implicitly includes the concept of core networks and their modifiers, which is a step forward compared to the 416 previous definitions. But independent of the relative novelty, we are only now coming into a phase where predictions 417 from these models can be directly tested. Most of the evidence has so far come from human studies, which are often 418 focussed on disease questions and their associated special considerations and limitations (Wray et al., 2018) . But for
419
well-developed genetic model systems, such as Drosophila, one can do direct genetic experiments.
420
There is a fast increasing number of studies based on the DGRP panel that show high heritability of traits (H 2 > 0.5),
421
but at the same time a polygenic architecture, even for cases where candidate genes have been predicted. This network (Figure 7 and 8). And we find that a large fraction of essentially randomly chosen genes have an effect on the 433 phenotype ( Figure 8 and Table 3 ).
435
Identification of a core network
436
Using the GWA ad hoc threshold of p < 1.0E-05, we were able to identify a set of 81 candidate genes within 28 associated 437 genetic loci with significantly higher expression in CNS of L3 stage. Further, an interacting network was predicted 438 among them, and the phenotypic effects on pupation height choice of five gene components from the network were 439 experimentally confirmed. These include the well-studied gene scribble which encodes a scaffolding protein that is 440 part of the conserved machinery regulating apicobasal polarity and organizes the synaptic architecture (Roche et al., 441 2002) . This gene has also been reported to be associated with several other behavioural traits in Drosophila 442 melanogaster, including olfactory behaviour (Ganguly et al., 2003) , adult foraging (Lee et al., 2017) and sleep (Harbison et al., 2013) . Another well-studied gene Egfr, which is the transmembrane tyrosine kinase receptor for 444 signalling ligands in the TGFα family, was also be found to function in neuronal development and behaviour traits in
443
445
Drosophila (King et al., 2014; Potdar and Sheeba, 2013) . Ras85D encodes a protein that acts downstream of several 446 cell signals, most notably from Receptor Tyrosine Kinases (RTK), and has been reported to be involved in pupal size 447 determination (Li et al., 2016) . Another component of the network is p53, which is a general regulator of the cell 448 cycle, but which has also been found to be involved in central nervous system development in Drosophila (Bauer et 449 al., 2007) and behavioural traits, such as the entrainment of the circadian rhythm in mice (Hamada et al., 2014) .
451
GWA versus genetics
452
The GWA p-value for the randomly chosen genes is below any threshold that one would normally consider using.
453
Accordingly, none of them would have been identified as candidate genes. Most of them have been little studied so 454 far and almost half of them have not even been named as yet (Table 3) 
480
Automated phenotyping of pupation height
481
A previously established automated pupal case length detection pipeline was adopted and modified for the automatic 482 screening of pupation height measurements (Reeves and Tautz, 2017) .
483
In brief, standard food was dispensed into 28.5 mm diameter and 95 mm height vials (Genesee Scientific), and the 484 food height (defined as the distance from the surface of the food to the bottom of the vial) for each vial was manually 485 measured and recorded. Once the food vials had fully cooled, 10.1 cm x 10.5 cm squares of overhead projector film
486
(nobo, plain paper copier film, 33638237) were slid into each vial lining their entire vertical wall. Approximately 10 487 healthy female flies (15 for inbred stocks) and 5 healthy male flies were introduced into each vial, for which a 488 custom printed semi-transparent label (GA International Inc.), including a unique barcode, was affixed to the 489 outside of each vial. Adult flies were removed from the vials after 1-2 days and vials were kept in the same 490 incubation condition (see above) for another 8-9 days to allow them to reach pupation stage. In general, by the 10th 491 day after the parents were initially introduced, the majority of offspring in the vials were present as pupae attached to 492 the transparent film. The film was gently moved out from each vial, the food from the lower part was scrapped away 493 and any larvae or pupa at white puparium stage (P1) were removed. The film was then placed into a pre-made plastic 494 frame, which holds the film flat for further photographing using bottom illumination in a light tight box. Batches of 495 the resulting images were then introduced into the image analysis procedure. database (v14, FileMaker Inc.). The quality filtering of pupae and related analysis were conducted with the tools 518 implemented in the database.
520
Treatment of confounding factors
521
Pupal density in the vial is a biotic factor that could affect the pupation site selection preference of third instar larvae 522 (Joshi and Mueller, 1993; Sokolowski and Hansell, 1983) . Here, individually density was controlled through limiting 523 the number of parents used per vial, and restricting the number of nights they remained before being cleared (see 524 above). To further reduce the possible bias from low sampling effect, only vials with a pupal density of a minimum 525 of 15 were considered as reliable, and a measurement for each stock should include at least 6 such reliable vial 
574
One previously published dataset (Reeves and Tautz, 2017) consisting of pupation height and sex information on 575 individuals was exploited to explore the presence of sexual dimorphism on pupation site status. In brief, 2,340 female 576 pupae and 1,935 male pupae from 728 vials were randomly selected and their pupation site coordinate was measured 577 and recorded. Deviation values from the corresponding vial average for all the sexed pupae were calculated, and the 578 average deviation between two sexes were compared.
579
A reciprocal crossing approach was used to detect if any maternal, e.g., genetic effect from mitochondria, or paternal 
593
The narrow sense heritability was estimated as the proportion of variance in a phenotype explained by all available 594 genetic variants used for mapping, an estimate that is often called "SNP heritability" (Wray et al., 2013) . In practical, 
608
The linear regression model implemented in PLINK (Purcell et al., 2007) was used to perform association analysis 609 for the above filtered genetic variants. The R package "qqman" (Turner, 2014) was exploited for the visualization of
610
GWA results in a Manhattan plot and qq-plots. Linear regression models used in this study include:
2) Pupation height ~ genotype + pupae case length
613
To define genome-wide significance threshold, we randomly assigned (1,000 times) phenotypes to individuals (thus 614 preserving genetic structure), and performed mapping in PLINK, recording the lowest SNP association p-value for
615
each permuted data set. The significance threshold (P-value <5E-8) was then defined as the 5th percentile of values 616 for 1,000 permutations. As this stringent threshold returns no significant genetic variants, a more permissive 617 significance threshold of p-value of 1E-5 was applied in practice. The associating genes for each genetic variant was 618 predicted by SnpEff (Cingolani et al., 2012) with default parameters. In brief, all the protein-coding genes within 5 619 kb up/down-stream of target genetic variant were taken as its associating genes.
620
The genotypic linkage disequilibrium (LD) for each pair of significant genetic variants was tested by calculating the shows the correlation between pupae case length vial mean and pupation height vial mean, and the data was generated with all 1627 vial measurement from 198 DGRP strains; (B) shows the correlation of p-values between GWA on pupation height without covariate (x-axis) and that with pupae case length as covariate (y-axis); (C) and (D) show the Q-Q plots for genome-wide association results with pupation height as the trait for without covariate and that with pupae case length as covariate, respectively. The genes within blue rectangles are appearing as both significant GWA hits (P-value < 1.0E-05) and locating in the genetic interaction subnetwork.
